The human P-glycoprotein drug pump confers multidrug resistance. Results: Hydrophobic suppressors in intracellular loop 2 restored activity to mutants with defective coupling between the ATP-and drug-binding domains.
The P-glycoprotein (P-gp) drug pump protects us from toxins. Drug-binding sites in the transmembrane (TM) domains (TMDs) are connected to the nucleotide-binding domains (NBDs) by intracellular helices (IHs). TMD-NBD crosstalk is a key step in the transport mechanism since drug binding stimulates ATP hydrolysis followed by drug efflux. Here, we tested whether the IHs are critical for maturation and TMD-NBD coupling by characterizing the effects of mutations to the IH1 and IH2 interfaces. While IH1 mutations had little effect, most mutations at the IH2-NBD2 interface inhibited maturation or activity. For example, the F1086A mutation at the IH2-NBD2 interface abolished drugstimulated ATPase activity. The mutant F1086A however, retained the ability to bind ATP and drug substrates. The mutant was defective in mediating ATP-dependent conformational changes in the TMDs because binding of ATP no longer promoted crosslinking between cysteines located at the extracellular ends of TM segments 6 and 12.
Replacement of Phe1086 (in NBD2) with hydrophobic but not charged residues yielded active mutants. The activity of the F1086A mutant could be restored when the nearby residue Ala266 (in IH2) was replaced with aromatic residues. These results suggest that Phe1086/Ala266 lies in a hydrophobic IH2-NBD2 'ball-and-socket' joint.
ATP binding cassette (ABC) membrane transport proteins couple ATP hydrolysis to the movement of a diverse range of substrates across cell membranes (1) They can act as importers, exporters, or extract compounds from the lipid bilayer. A distinguishing feature of ABC proteins is that they contain at least two transmembrane domains (TMDs) with at least 6 transmembrane (TM) segments each and two nucleotide-binding domains (NBDs) that each contains a characteristic LSGGQ (signature) sequence.
Substrates of the 48 human ABC proteins include hydrophobic drugs, bile acids, ions, peptides, nucleosides, sterols, and carbohydrates. Human ABC proteins not only play important physiological roles, but mutations in at least 14 ABC transporter genes have been linked to hereditary diseases (2) . Diseases include cystic fibrosis, adrenoleukodystrophy, Tangier disease, Dubin-Johnson syndrome Stargardt disease, agerelated macular degeneration, and progressive familial intrahepatic cholestasis. Mutations can cause disease by disrupting activity, expression, folding, or trafficking of the proteins. In the case of drug pumps, overexpression can cause multidrug resistance. In addition, drug pumps can affect the pharmacokinetics of many drugs and their modulation might also be useful in regulating the bioavailability of drugs (3) .
The P-glycoprotein drug pump (P-gp, ABCB1) was the first human ABC protein to be discovered during efforts to determine how cancer cells developed multidrug resistance (4) . P-gp was found to mediate the ATP-dependent efflux of a wide range of hydrophobic compounds (such as anticancer drugs, hydrophobic drugs, steroids, peptides, detergents and lipids) that enter cells by diffusion through the plasma membrane (5, 6) . Pgp is expressed in the epithelium of liver, kidney, and gastrointestinal tract and at the blood-brain or blood-testes barrier where it functions to protect us from cytotoxic compounds. It is clinically important because it contributes to multidrug resistance in diseases such as cancer and AIDS (5) . An important goal in P-gp studies is to understand the mechanism of drug efflux and use this knowledge to develop inhibitors aimed at overcoming multidrug resistance.
The 1280 amino acids of human P-gp (7) are organized as two tandem repeats of 610 amino acids that are joined by a linker region. Each repeat consists of an NH 2 -terminal TMD containing 6 TM segments followed by a NBD. Drug substrates appear to bind at multiple drugbinding sites within a cavity located at the interface between the TMDs (8-11). Mg.ATP binds at the interface between the NBDs that interact in a head-to-tail fashion. In this 'nucleotide-sandwich conformation', each nucleotide would interact with the phosphatebinding loop (P-loop) of one NBD and the ABC signature motif (LSGGQ) of the other NBD. ATP hydrolysis occurs by an alternating site mechanism as inhibition of ATPase activity at one site causes a complete loss of ATPase activity (12) (13) (14) (15) .
The mechanism of how hydrolysis of one or two ATP molecules is coupled to drug transport is unknown. It has been proposed that P-gp can exist in at least two major conformations during the catalytic cycle -an inward-facing conformation with separated NBDs and drug-binding sites exposed to the cytoplasm (open conformation) and an outward-facing conformation with close association of the NBDs and drug-binding sites exposed to the extracellular surface (closed conformation) (16) . Drug substrates and ATP were predicted to induce formation of an outwardfacing conformation. Hydrolysis of the first ATP would promote drug transport and hydrolysis of the second ATP would convert the protein back to an inward-facing conformation. Hydrolysis of a second ATP molecule may also contribute to drug transport.
There is a considerable degree of crosstalk between the TMDs and NBDs during the reaction cycle as drug binding activates ATPase activity and ATP hydrolysis leads to drug efflux from the TMDs. An X-ray crystal structure of the P-gp drug pump from Caenorhabdititis elegans (C. elegans) in an open conformation showed that TMDs were connected to the NBDs by four intracellular helices (IHs) within the intracellular loops (ICLs) that were proposed to act as 'ball-and-socket' joints (17) . While there is no high-resolution crystal structure of human P-glycoprotein, the C. elegans P-gp appeared to be a good model for human P-gp in an open conformation since the structure was more compatible with biochemical studies of the TMDs (11, (18) (19) (20) (21) and ICL2 (22) compared to the crystal structure of mouse P-gp (8) .
Models of human P-gp in a closed conformation have been built (23, 24) using the Sav1866 crystal structure (25) as a template. Sav1866 is a homodimeric bacterial ABC drug pump that is predicted to have a similar architecture to human P-gp. It was predicted that the IHs of Sav1866 acted as transmission interfaces to transmit conformational changes associated with ATP binding and hydrolysis at the NBDs to the TMDs (25) .
In this study, we tested the prediction that the IHs acted as transmission interfaces to link ATPdependent conformational changes from the NBDs to the TMDs by characterizing IH1 and IH2. IH1 is in an intracellular loop between TM segments 2 and 3 that connects TMD1 to NBD1. IH2 is in an intracellular loop between TM segments 4 and 5 that connects TMD1 to NBD2. IH2 appears to be particularly important because we showed that a cysteine introduced into IH2 (A266C) could be directly cross-linked to a cysteine in NBD2 (F1086C) but the mutant was inactive (21) . By contrast, cysteine mutations at the equivalent sites at the fourth transmission interface (links IH4 in TMD2 to NBD1) (L443C(NBD1)/S909C(IH4) had no effect on activity (21) . The IH2-NBD2 contact point also appears to be particularly important for folding of P-gp because point mutations in IH2 (26) and deletion of NBD2 in Pgp but not CFTR (27) (P-gp's sister protein) inhibited maturation (28) .
In this study, we first compared the effects of mutations to IH1 and IH2 on maturation of P-gp. None of the mutations in IH1 inhibited folding or activity of P-gp. By contrast, most mutations to IH2 inhibited P-gp maturation. Since mutant A266C/F1086C was inactive, we characterized the Ala266/Phe1086 interface to determine its role in the transport cycle. We report the identification of a potential 'greasy' hydrophobic ball-and-socket connection at the IH2-NBD2 transmission interface critical for maturation and activity of Pgp.
EXPERIMENTAL PROCEDURES
Expression and Maturation of Mutants -Mutants were constructed to contain a polyhistidine (29) or A52 epitope tag at their C-terminal ends for use in whole cell immunoblot assays (26) . The presence of the epitope tag distinguished the mutant proteins from any endogenous P-gp. P-gp contains three N-linked glycosylation sites can be used to monitor maturation of human P-gp from an immature 150 kDa protein to a mature 170 kDa protein.
Mutations were introduced into the human P-gp cDNA as described previously (30) . Mutants were expressed in HEK 293 cells for 18 h in the presence or absence of 10 µM cyclosporine A. Expression in the presence of drug substrates like (10 µM) cyclosporine A or (25 µM) verapamil promotes maturation of processing mutants (31, 32) . Whole cell extracts were subjected to immunoblot analysis using monoclonal antibody A52. The gel lanes were scanned and the amount of mature 170 kDa product relative to total P-gp (immature 150 kDa P-gp plus mature) was analyzed using the NIH Image program and an Apple computer.
Purification of P-gp and Measurement of ATPase
Activity -Histidine-tagged P-gps were expressed in HEK 293 cells and then isolated by nickelchelate chromatography as described previously (12) . Recovery of P-gp was monitored by immunoblot analysis with rabbit anti-P-gp polyclonal antibody (12) . A sample of the isolated histidine-tagged P-gp was mixed with an equal volume of 10 mg/ml sheep brain phosphatidylethanolamine (Type II-S, Sigma) that had been washed and suspended in TBS (pH 7.4). ATPase activity was measured in the presence of saturating concentration (0.6 mM) verapamil.
Effect of F1086A on Vanadate Trapping -The double cysteine mutant L443C/S909C was used to test if the F1086A mutation inhibited vanadate trapping of nucleotide. Vanadate trapping inhibits cross-linking of L443C/S909C P-gp (20) . Membranes prepared from cell expressing L443C/S909C or L443C/S909C/F1086A were incubated in the presence or absence of 5 mM Mg.ATP plus 0.2 mM vanadate for 5 min at 37 o C. Samples were then treated with 1 mM copper phenanthroline for 15 min at 0 o C. The reactions were performed using a protein concentration of 0.4 mg/ml. The reactions were stopped by addition of SDS sample buffer (125 mM Tris-HCl, pH 6.8, 20% (v/v) glycerol and 4% (w/v) SDS) containing 5 mM EDTA and no thiol reducing agent. Samples of the reaction mixtures (1 µg protein) were then subjected to SDS-PAGE (6.5% (w/v) polyacrylamide gels; 1.5 mm 15-slot minigels) and immunoblot analysis with a rabbit polyclonal antibody against P-gp. Intramolecular disulfide cross-linking between P-gp domains can be detected because the cross-linked product migrates with a slower mobility on SDS-PAGE gels (33) . o C. The reactions were performed using a protein concentration of 0.4 mg/ml. The reactions were stopped by addition of SDS sample buffer and samples subjected to immunoblot analysis.
Effect of Mutations on ATP-Dependent Crosslinking of P-gp Extracellular Segments
Viewing of Structures -The structures of P-gp were viewed using Pymol (34) .
RESULTS

Mutations in IH2 but not IH1 Inhibit Maturation of P-gp -IH2
(residues Ile261 -Phe267 in cytoplasmic loop 2 (ICL2)) is predicted to connect TMD1 to NBD2 (Fig. 1A) (17) . TMD1-NBD2 interactions may be particularly important for folding of P-gp into a native structure during synthesis since a ΔNBD2 truncation mutant does not mature (28) . By contrast, deletion of NBD2 in the CFTR protein which has a similar structure to P-gp (30) yielded a mature product (28) that was as stable as its full-length counterpart (27) .
To test if IH2 was important for folding, the effect of mutations to residues Ala259 -Gln270 (IH2 and flanking residues) on maturation was examined. Maturation of P-gp can readily be monitored using immunoblot analysis of whole cell extracts of transfected cells since P-gp is a glycosylated protein. P-gp contains three N-linked glycosylation sites in the extracellular loop that connects TM segments 1 and 2 (Fig. 1A) . Mutations that inhibit folding trap P-gp as a 150 kDa core-glycosylated immature protein in the endoplasmic reticulum. Wild-type P-gp undergoes processing in the Golgi to yield a 170 kDa mature protein.
Most of the IH2 mutations (10 of 12) partially or completely inhibited maturation of P-gp ( Fig.  1B and C) . The I261S, V264S, F267A, G268V, and G269V mutations blocked maturation such that the 150 kDa immature protein was the major product (Fig. 1B) . Mutants A259L and A266L were similar to wild-type P-gp as the 170 kDa mature protein was by far the most prominent product. Mutants A260L, R262A, T263A, I265S, and Q270A yielded a mixture of mature and immature P-gp (Fig. 1B and C) .
IH1 (residues Ile160 -His166) in ICL1 (connects TM segments 2 and 3) resides at the TMD1-NBD1 interface ( Fig. 2A) . In contrast to IH2, we found that none of the mutations introduced to IH1 and flanking residues (Gln158-Gly169) substantially inhibited maturation of P-gp (Fig. 2B) .
Since IH1 mutations did not affect maturation, we tested whether some of the mutations affected activity. Mutants I160A, G161V, and D164A were selected for analysis because the recent high resolution crystal structure of C. elegans P-gp showed that residues at these positions interacted with NBD1 (17) . The histidine-tagged mutants were expressed in HEK 293 cells, isolated by nickel-chelate chromatography, and assayed for verapamil-stimulated ATPase activity. Verapamil was used because it is transported by P-gp (35) and it highly stimulates the ATPase activity of human P-gp (over 10-fold) (36) . It was found that the activity of all three mutants was similar to that of wild-type P-gp (Fig. 2C) .
The F1086A NBD1 Mutation Blocks ATPDependent Extracellular Conformation
Changes between the TMDs -Models of P-gp in the open and closed conformations are shown (Fig. 3A and B). The major difference between the open and closed conformations is that the NBDs are far apart in the open conformation (Fig. 3A) but in close proximity in the closed conformation (Fig.  3B ).
The models shown in Fig. 3A and 3B predict that Ala266 in IH2 would be close to Phe1086 in NBD2. In a previous study, we provided biochemical evidence that Ala266 was indeed close to Phe1086 in NBD2 because mutant A266C/F1086C showed robust cross-linking even when treated with oxidant at 0 o C to slow molecular motion (21) . The Ala266/Phe1086 contact point appeared to be critical for function because mutant A266C/F1086C was inactive (21) . By contrast, introduction of cysteine mutations at the equivalent sites between IH4 (S909C) and NBD1 (L443C) (Fig. 3A and B ) had no effect on activity (21) .
To determine if one or both cysteine mutations in mutant A266C/F1086C inhibited activity, mutants were constructed in a Cys-less background that contained only Cys266 or Cys1086. The mutants were expressed in HEK 293 cells in the presence of the drug substrate cyclosporine A (to promote maturation (32)), isolated by nickel-chelate chromatography, and assayed for verapamil-stimulated ATPase activity. It was observed that only the F1086C mutation caused a drastic reduction in verapamil-stimulated ATPase activity (Fig. 3C ).
An explanation for the ability of the F1086C mutation to inhibit P-gp activity was that the mutation affected folding of P-gp. To test if the F1086C mutation inhibited folding, the F1086C as well as the Y1087C mutant were expressed in the absence of drug substrates. The Y1087C mutant was included because an aromatic residue at position 1087 is highly conserved in ABC proteins (17) . It was found that both the F1086C and Y1087C mutations inhibited maturation of Cysless P-gp (Fig. 3D) .
There are subtle differences in the activity of Cys-less P-gp compared to the wild-type protein (37) . In addition, it was possible that replacement of Phe1086 with a cysteine caused a defect in the structure of P-gp that would be different if it had been replaced with a smaller amino acid. To test if replacement of Phe1086 with a small amino acid would affect maturation, mutants F1086A or Y1087A in the wild-type background were constructed and expressed in HEK 293 cells. Fig.  3D shows that the Y1087A but not the F1086A mutation inhibited P-gp maturation (Fig. 3D) . Although the F1086A mutation did not inhibit folding, it still inhibited verapamil-stimulated ATPase activity (Fig. 3C) .
Why do changes to Phe1086 inhibit P-gp verapamil-stimulated ATPase activity? To address this question, we first tested whether the F1086A mutation blocked interactions with ATP or verapamil.
It is possible that mutations to Phe1086 could affect ATP interactions since the residue is close to the Walker A site in NBD2 (residues Ser1077 to Gly1084). To test if mutant F1086A retained the ability to bind and hydrolyze ATP, we tested whether vanadate trapping of ATP would still inhibit cross-linking of mutant F1086A/L443C/S909C. P-gp can be trapped at a transition state during ATP hydrolysis by including vanadate in the reaction mix (35) . Vanadate traps ADP at either NBD by mimicking the transition state of the γ-phosphate of ATP during hydrolysis and trapping at one NBD inhibits ATP hydrolysis at the second site (35) . Vanadate trapping of nucleotide causes conformational changes in P-gp and this can be detected by disulfide cross-linking analysis (36) . For example, vanadate trapping of nucleotide inhibits cross-linking of mutant L443C(NBD1)/S909C(IH4) (21) . Accordingly, membranes prepared from cells expressing mutant F1086A/L443C(NBD1)/S909C(IH4) were preincubated with or without ATP plus vanadate for 5 min at 37 °C. Samples were then cooled on ice, treated with copper phenanthroline and subjected to immunoblot analysis. Fig. 3E shows that vanadate trapping of nucleotide blocked crosslinking in both mutants L443C(NBD1)/S909C(IH4) and L443C(NBD1)/S909C(IH4)/F1086A. These results show that the F1086A mutation did not inhibit ATP hydrolysis.
A drug-rescue assay was then used to test if the F1086A mutation disrupted verapamil interactions with the TMDs. The rationale of the drug-rescue assay is that expression of a P-gp processing mutant in the presence of verapamil will promote maturation if the mutant retains the ability to bind verapamil (32) . Mutations that disrupt the verapamil-binding site will prevent rescue of processing mutants with verapamil (21) . Accordingly, the F1086A mutation was introduced into the P709A processing mutant. The P709A mutant was selected because the mutation is located in the linker region that connects the two halves of P-gp and is outside the ATP-and drugbinding sites (Figs. 3A and 3B) . Expression of mutant P709A/F1086A yielded the 150kDa immature form of P-gp as the major product (Fig.  3F) . The mutant retained the ability to bind verapamil however, because the mutant was rescued when expressed in the presence of verapamil such that the 170 kDa mature form of Pgp was the major protein product (Fig. 3F) .
It is possible that the F1086A mutation inhibited activity by disrupting coupling between the NBDs and TMDs. Accordingly, cross-linking of mutant T333C/L975C was used to test the effect of F1086A on coupling. The T333C and L975C mutations are located at the extracellular ends of TM segments 6 and 12, respectively ( Fig.  3A and B) . Mutant T333C/L975C can be crosslinked when intact cells expressing the mutant are treated with BMOE cross-linker (30) . Mutant T333C/L975C however, does not show crosslinking if membranes containing the mutant are treated only with BMOE (Fig. 4A ). This suggested that ATP was required for cross-linking. Therefore, cross-linking of the mutant in membranes was carried out in the presence of ATP and other nucleotides. Fig. 4A shows that binding of ATP is required because cross-linking was observed in the presence of ATP or the nonhydrolyzable ATP analog AMP.PNP, but not in the presence of ADP (Fig. 4A) . These results suggest that binding of ATP is coupled to a conformational change at the extracellular regions of P-gp that orients cysteines at 333(TM6) and 975(TM12) in positions that can be cross-linked with BMOE.
To determine if the F1086A mutation affected NBD/TMD coupling, it was introduced into mutant T333C/L975C and subjected to crosslinking. It was observed that the F1086A mutation inhibited ATP-dependent cross-linking of the mutant T333C/L975C (Fig. 4B) . These results suggest that F1086A disrupted NBD/TMD coupling.
Replacement of Phe1086 with Bulky Hydrophobic
Amino Acids Yields Active Mutants -Mutant F1086A was inactive (Fig. 3C ). To test if Phe1086 was essential for activity, mutants were constructed such that Phe was replaced with a bulky hydrophobic (Tyr, Leu, Trp) or charged (Asp, Arg) amino acid. Fig. 5A shows that the F1086D or F1086R mutations inhibited maturation of P-gp. By contrast, those containing hydrophobic residues (F1086Y, F1086L, or F1086W) mutations did not inhibit maturation. Mutants F1086D and F1086R could still be rescued if they were expressed in the presence of a drug substrate (Fig. 5B) .
The histidine-tagged mutants were then purified and assayed for verapamil-stimulated ATPase activity. Mutants F1086D and F1086R were firsrt expressed in the presence of cyclosporine A to promote maturation before isolating the histidine-tagged protein. It was observed that replacement of Phe1086 with hydrophobic amino acids (Tyr, Leu, Trp) yielded active mutants whereas replacement with charged amino acids yielded mutants with little activity (less than 10% of wild-type P-gp) (Fig. 5C ). These results suggest that Phe1086 can be replaced with a hydrophobic amino acid to yield a protein that matures to yield an active molecule.
Replacement of Ala266 with Hydrophobic
Residues Restores Activity of Mutant Phe1086A -Models (Fig. 3A and B) and cross-linking results (21) predict that Ala266 in IH2 is close to Phe1086 in NBD2. Since a large hydrophobic amino acid might be required at the Ala266/ Phe1086 interface for activity, we tested if replacement of Ala266 with the aromatic amino acids Tyr, Phe or Trp could act as suppressor mutations to restore activity of the F1086A. We also predicted that replacement of Ala266 with a small charged amino acid (Asp) would not restore activity to F1086A. It was found that replacement of Ala266 with aromatic amino acids (A266Y, A266F or A266W) in the F1086A background yielded mature 170 kDa P-gp as the major product (Fig. 6A) . By contrast, mutant A266D/F1086A did not mature although it could be rescued when expressed in the presence of cyclosporine A (Fig.  6B) .
The histidine-tagged mutants were then isolated and assayed for verapamil-stimulated ATPase activity. Mutant A266D/F1086A was first expressed in the presence of cyclosporine A to promote maturation before isolating the histidinetagged protein. Fig. 6C shows that the verapamilstimulated ATPase activities of mutants A266Y/F1086A, A266F/F1086A and A266W/F1086A were similar to that of wild-type P-gp. Mutant A266D/F1086A showed little activity (Fig. 6C) . The results show that the aromatic replacements to Ala266 acted as secondsite suppressor mutations to restore activity of F1086A.
Replacement of Ala266 with an aromatic amino acid might rescue defective TMD/NBD coupling and thereby restore activity to F1086A. Accordingly, the A266F mutation was introduced into mutant F1086A/T333C/L975C to test if it affected cross-linking between the TMDs. It was found that the A266F mutation restored ATPdependent BMOE cross-linking of the mutant (Fig. 6D) .
DISCUSSION
The results show that IH2 is particularly important for folding of P-gp and coupling between the ATP-and drug-binding domains. For example IH2 appears to be more important than IH1 for promoting TMD1 interactions with the NBDs during synthesis. Most point mutations to IH2 reduced P-gp maturation efficiency (Fig. 1B) whereas none of the point mutations to IH1 inhibited maturation of P-gp (Fig. 2B) .
Comparison of P-gp to bacterial ABC transporters suggest that it might be expected that mutations to IH2 would have a greater effect on P-gp maturation than IH1 mutations because IH1-NBD1 interactions are not required for activity or synthesis of many bacterial ABC proteins (38) .
A dynamic simulation study of human P-gp predicted that IH2-NBD2 interactions would be more important in driving the necessary conformational changes compared to IH1 (39) . It was found that IH2 made many more contacts with the NBDs compared to IH1. It was also found that IH2 only interacted with NBD2 whereas IH1 contacted both the NBD1 and NBD2 domains. The crystal structure of Sav1866 (homodimer) in a closed conformation also showed that IH2 only contacted an NBD in the opposite subunit whereas IH1 made contact with the NBDs of both subunits (25) . The crystal structure of C. elegans P-gp represents a snapshot of the protein in an open conformation with IH1 only in contact with NBD1 (17) .
The recent crystal structure of P-gp from C. elegans also suggests that the contact between IH2-NBD2 is more important than between IH1-NBD1 (17) . Only three amino acids in the IH1 region interacted with NBD1 whereas 14 amino acids were identified in the IH2 region (Glu256 -Glu297, equivalent to amino acids to Glu256 -Glu273 in human P-gp) that interacted with NBD2 via salt bridges, hydrogen bonds or van der Waals interactions.
The results may also explain the puzzling difference between maturation of NBD2 deletion mutants of P-gp and its sister protein, CFTR. P-gp and CFTR are both ABC proteins predicted to have similar structures (30) . Deletion of NBD2 in P-gp inhibits P-gp maturation while deletion of NBD2 in CFTR does not. This study shows that Pgp maturation is highly sensitive to point mutations introduced at the TMD1/NBD2 interface. Most of the mutations introduced into IH2 inhibited maturation of the protein. Detailed analysis of the effect of IH2 mutations in CFTR have not yet been performed. Preliminary studies on the effects of ICL1 and ICL2 mutations in CFTR that cause cystic fibrosis have shown that the ICL1 mutations have more inhibitory effects on CFTR function (40) .
The presence of hydrophobic amino acids at the ICL2-ND2 interface appears to be critical for P-gp maturation and activity. Fig. 7 shows the locations of amino acids that when mutated, inhibited maturation and/or activity of P-gp. At least some of the mutations to the hydrophobic residues at Tyr1087 or Phe1086 in NBD2 or to hydrophobic residues at Ile261, Val264, Ala266, or Phe267 in IH2 inhibited maturation. Accordingly, we propose that a 'greasy' hydrophobic IH2-NBD2 interface is critical for Pgp maturation and function. All of these residues, with the exception of Ile261, were shown to participate in IH2-NBD2 interactions through hydrogen bonds or van der Waals interactions in the C. elegans crystal structure (17) . It is possible that Ile261 may be involved in contacts at another stage of the reaction or folding steps.
The effects of mutations to Ala266 and Phe1086 suggests that the presence of a hydrophobic interface between IH2 and NBD2 is also important for coupling of ATP interactions with the NBDs to conformational changes in the TMDs. Removal of Phe1086 by mutation to alanine or replacement with charged amino acids inhibited activity and uncoupled ATP binding to conformational changes in the TMDs. Mutants were active if Phe1086 was replaced with a hydrophobic amino acid. In addition, activity of the F1086A mutant could be restored if Ala266 was replaced with an aromatic amino acid. Perhaps the presence of a greasy interface allows rotations of IH2 in the NBD2 cleft.
Studies of multiple crystal structures of the bacterial ABC maltose transporter suggest that its reaction cycle is accompanied by rotation of IH segments within the cleft of the NBDs (41) . In addition, mutations to the IH-NBD interfaces disrupted activity and structure of the protein (42) .
In summary, we identified a key hydrophobic interface between IH2 in TMD1 and NBD2. The interface is important for folding into a native structure during synthesis of the P-gp drug pump. The results also support the prediction that IH2-NBD2 site forms a ball-and-socket joint (17) that acts as a transmission interface (25) to couple the conformational changes associated with binding of ATP and drug substrates.
FOOTNOTES
The abbreviations used are: ABC, ATP-binding cassette; BMOE, bis(maleimido)ethane; C. elegans, Caenorhabdititis elegans; P-gp, P-glycoprotein; NBD, nucleotide-binding domain; HEK, human embryonic kidney; TM, transmembrane; TMD, transmembrane domain; ICL, intracellular loop; IH, intracellular helix. , and Tyr1087 are shown as mutation to these residues inhibited maturation. Removal of the aromatic side chain of Phe1086 (F1086A mutation) inhibited P-gp activity because it inhibited coupling between the ATP-and drug-binding domains. Replacement of Ala266 with aromatic residues restored the activity of F1086A. Residues Glu256 and Arg276 were recently shown to form a salt bridge that was critical for P-gp maturation (22 
